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Seismological Studies at Parkfield IX: Fault-Zone Imaging Using

Guided Wave Attenuation

by V. A. Korneev, R. M. Nadeau, and T. V. McEvilly

Abstract Numerical modeling studies and a growing number of observations have
argued for the propagation of fault-zone guided waves (FZGWs) within a San Andreas
Fault (SAF) zone that is 100–200 m wide at seismogenic depths and with 20%–40%
lower shear-wave velocity than the adjacent unfaulted rock. Thousands of micro-
earthquakes have been recorded since 1987 by the borehole High-Resolution Seismic
Network at Parkfield, California, and they provide a comprehensive data set for
characterizing wave propagation in the SAF zone. Using microearthquakes we con-
firm that FZGWs at Parkfield are generated within the fault zone (FZ) and that they
are most prominent late in the coda of S. Numerical waveform modeling and guided-
wave amplitude tomographic inversion show clearly that FZGWs are significantly
less attenuated in a well-defined region of the FZ. This region plunges to the north-
west along the northwest boundary of the region of highest moment release and
separates locked and slipping sections of the SAF at depth, as determined indepen-
dently from geodesy, seismicity, and the recurrence rates of characteristically re-
peating microearthquakes. We interpret this localized zone of strong FZGW propa-
gation to be the northwest edge of the M 6 asperity at Parkfield. The mechanism for
low FZGW attenuation in the zone is possibly due to dewatering by fracture closure
and/or fault-normal compression or changes in fracture orientation due to a complex
stress or strain field at the boundary between creeping and locked zones of the SAF.

Introduction

Intriguing claims have been made from a growing body
of observations and from modeling studies about the imag-
ing power of fault-zone guided waves (FZGWs) for charac-
terizing space and time-dependent properties and processes
within the central cores of active fault zones (FZs). FZGWs
were originally identified early by Aki and coworkers (e.g.,
Leary et al., 1985; Li et al., 1990) in active-source surface-
to-borehole studies and later from seismograms recorded in
or near the FZs from local earthquakes. These waves are
most visible for sources within a well-developed FZ and with
receivers located within the same FZ segment (Li et al.,
1994, 1997). They also appear to be generated by off-fault
surface sources (Korneev et al., 2000). FZGWs are trapped
by material in the fault that has a lower seismic-wave ve-
locity than the surrounding, more intact rock. The low-
velocity nature of the San Andreas Fault (SAF) zone core
has long been recognized (see Feng and McEvilly [1983],
for a summary of early velocity models). FZGWs at Parkfield
are seen in the coda of both P and S waves, but they are
generally stronger in the S-wave coda, with large amplitudes
in some cases arriving as late as twice the S-wave travel time.
They usually exhibit lower frequency content than the direct
P or S waves, and in many cases they appear to be dispersive.

There are compelling reasons to study the FZGW phe-
nomenon. The most general reason is their potential for de-
fining the structure of the active FZ at depth, which includes
features that bound rupture extent in large earthquakes (seg-
mentation boundaries, gaps, streaks, or asperities) and may
be evident in FZGW propagation characteristics. Detection
of transient or systematic changes within the fault core
through successful FZGW imaging in four dimensions is also
a potentially powerful monitoring method (Li et al., 1998).
In this study, we focus on the structural and wave propa-
gation aspects of the FZ using properties of FZGW propa-
gation from thousands of microearthquake sources.

Thicknesses of the central regions of faults (fault core)
can be defined by the geometry of velocity discontinuities
across the FZ and by the dominant seismic wavelength. The
SAF at Parkfield has an approximate core thickness of 100–
300 m (Korneev et. al, 2000). Inversion of P- and S-phase
arrivals allows imaging of macroscale properties in the vi-
cinity of FZs with lateral resolution of about 5 km; however,
the characteristic width of the most active region of faults
appears to be on the order of a few hundred meters or less.
The lower seismic velocities in the cores of FZs causes prop-
agation of the first-arriving P and S phases to occur primarily
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Figure 1. Map of the borehole 13, three-
component station High-Resolution Seismic Network
(HRSN) at Parkfield subsequent to its expansion in
2000–2001. Seismicity used in this study was re-
corded between January 1987 and July 1998 on the
original 10 stations of the HRSN (i.e., excluding
SCYB, LCCB, and CCRB), and its relocated epicenters
are shown as gray points. Station GHIB is off the map
approximately 8 km southeast of station EADB along
the San Andreas Fault trace. In this article we use data
recorded at stations MMNB and EADB. Also shown
are eight source points of the Parkfield Vibroseis ex-
periment, the proposed drilling site of the San An-
dreas Fault Observatory at depth (SAFOD), and the
epicenter of the 1966 M 6 earthquake, which is used
as the origin of the coordinate system.

outside of the central low-velocity zone. As a result, the
resolution of first-arrival body-wave inversions for FZ struc-
ture is severely limited.

In contrast, FZGW propagation takes place almost en-
tirely within the central low-velocity region of the FZ, allow-
ing for sampling and mapping of inner FZ properties in de-
tail. In this study we use data from just two stations located
close to the fault to obtain structural images with 0.5 km
resolution, about an order of magnitude better than the res-
olution achieved using travel-time tomography with many
more seismic stations.

The Parkfield Data Set

One of the best data sets available for characterizing the
spatial and temporal properties of FZGWs is the accumula-
tion of microearthquake and Vibroseis recordings from the
High-Resolution Seismic Network (HRSN) at Parkfield,
California (Fig. 1). The current network consists of 13 three-
component deep (�200 m) borehole seismometers. FZGW
data for this study come from 2 stations of an original 10-
station network (see Karageorgi et al., [1992], for a descrip-
tion of the original 10-station network and Vibroseis moni-
toring details) spanning the SAF.

HRSN data are unique. The very low noise environment
at recording depths of 200 m or more allows detection of
microearthquakes as small as M �1 and recording of seismic
frequencies greater than 100 Hz. Since is installation in
1987, the HRSN has recorded more than 6000 microearth-
quakes along a 25-km stretch of the SAF. Furthermore, more
than 60% of these events are members of about 300 similar-
event clusters and sequences of repeating, virtually identical
earthquakes exhibiting very small source dimensions (Na-
deau et al., 1994, 1995; Nadeau and McEvilly, 1997). These
thousands of microearthquakes along the FZ, with similar
strike-slip mechanisms, allow construction of record sec-
tions or common-station gathers of seismograms for swaths
of sources in almost any desired geometry on the fault plane
and for any instrument component. In effect, the slipping FZ
is covered with point sources that are available for 3D im-
aging investigations of regional FZ structure at high spatial
resolution. As an unexpected bonus, the fourth dimension,
time, is accessible by virtue of the widely distributed re-
peating sources in the sequences of characteristic micro-
earthquakes. At M �0, these sequences repeat with recur-
rence intervals of less than 1 year (see figure 9 in Nadeau
and McEvilly [1997], or figure 11 in Nadeau and Johnson
[1998]), providing potentially important data for monitoring.

In this study we define the nature of wave propagation
within a narrowly defined FZ core (approximately 200 min
width) to image the structural characteristics of the central
FZ in detail. Our ultimate goal is to understand better the
nature of wave propagation in the SAF zone at Parkfield and
explore the utility of guided waves for many potentially im-
portant applications.

Inversion of FZGWs at Parkfield

Anomalous wave propagation associated with the FZ at
Parkfield has been studied previously. Li et al. (1990) and
Ben-Zion and Malin (1991) identified the distinctive late S-
coda arrivals from Parkfield earthquakes as propagation of
trapped and head-wave energy, respectively, along a low-
velocity FZ. They proceeded to model them as SH propa-
gation in a 2D structure consisting of a homogeneous low-
velocity plane wave guide bounded by sharp interfaces.

Our initial step in this investigation was to look at the
nature of FZGWs with respect to hypocenter location and
receiver position, in order to map any obvious features in
the spatial relationship of source and receiver. The two sta-
tions closest to the FZ (EADB and MMNB, about 500 and
100 m from the fault, respectively; see Fig. 1) provide an
appropriate geometry for recording FZGWs. This geometry
also provides a “reversed” profile of sources along the fault
using receiver gathers of microearthquake traces. We illus-
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trate this form of data presentation in Figure 2 with record
sections for a collection of more than 500 sources taken
along the fault segment at a depth range of 3.3–3.8 km.
Waveform coherence is strong along the profile because a
common strike-slip mechanism dominates the mode of slip
on the fault. This allows stacking of waveforms from nearby
sources for an enhanced signal-to-noise ratio. The frequency
content of typical waveforms that contain strong FZGWs is
also shown in the figure. Note the low-frequency content
(around 4 Hz) that characterizes the FZGW arrival. In con-
trast, the direct P- and S-wave energy is relatively small.

Several first-order observations can be made. Large-
amplitude FZGWs are clearly seen in the coda of S waves.
They exhibit lower frequency content than the direct body
waves and some dispersion, with higher frequencies show-
ing lower group velocities. The strong energy late in the coda
of S, however, is not present for all sources in the gathers,
and its strength relative to the direct P and S waves varies
with source location along the FZ. FZGW energy is strongest
on the MMNB section for sources southeast of �3 km along
the fault, while at station EADB, much weaker FZGWs are
seen from the same sources. Much stronger FZGW arrivals
are observed at EADB, however, for sources farther to the
northwest at along-fault coordinates greater then zero.

To characterize further the spatial distribution of FZGW
source strength as seen at MMNB and EADB, we extended
the analysis to all sources within the full depth and length
range of the study zone and defined a FZGW strength in an
interval within the S-coda, relative to the direct S wave.
Sources used were earthquakes occurring within 1 km of a
best-fit plane to the overall seismicity. We also used only
events having S-wave amplitudes greater than 11 times the
pre-event background signal level in the 2.5–5.5-Hz band-
width. Ratios of three-component spectral amplitudes in the
2.5–5.5-Hz band were computed for windows nominally 1-
and 4-sec long beginning at 1.7 and 2.3 times the P-wave
travel time, for the direct S and the FZGW arrivals, respec-
tively. Figure 2 illustrates how the moveouts of the S and
FZGW phase arrivals are comparable, allowing us to apply
this simple windowing scheme to the entire data set. The
results for stations MMNB and EADB are shown in Figure 3.
Ratios were normalized to an average value of 0.5 for plot-
ting, and the ratios of 0.5 and 0.7 differentiate the three cate-
gories of FZGW strength shown in the figure.

We observe that strong FZGWs occur at a given station
along the fault only when their source-station paths intersect
the narrow transition zone of the orange to blue color change
in Figure 3. To define more quantitatively this zone, we
performed a tomographic inversion based on normalized
FZGW/S amplitude ratios. We inverted for seismic attenua-
tion of the FZGW phase because the systematic variations in
FZGW amplitudes are the most prominent feature of their
propagation and because attenuation coefficients lend them-
selves more readily to the interpretation of rock properties
from propagation effects. The sources for our inversion are
naturally occurring earthquakes with varying magnitudes

and frequency content. To compensate for these variations,
the three-component vector amplitude ratios of windowed
FZGW to S-wave arrivals for each event determined within
a low-frequency band (2.5–5.5 Hz, well below the source
corner of these M �1 to 1.5 events) are used. The algorithm
of the FZGW inversion is described in the Appendix. We
used the following model to describe the amplitudes of
guided waves in the fault:

j(h )ijU � A M exp(� � r ), (1)ij j i � n ijnn
r� ij

where Uij is the recorded amplitude for source i and receiver
j, Aj is the station-specific local guided-wave amplification
factor, Mi is the seismic moment of the event and j(hij) de-
scribes the source radiation pattern, rij the total ray length,
�n the attenuation coefficient in region n, and rijn the partial
ray length in that region. The usual attenuation parameter Q
was computed after the inversion for attenuation coefficient
using the formula

x
Q � , (2)n 2� Vn s

where x is frequency and Vs is the S wave velocity taken
from travel-time inversion. Since for the inversion we used
guided-wave/S-wave amplitude ratios, the seismic moment
factors were canceled and the local amplification factors
were related to those ratios, as Āj � Aj/ASj, where ASj is a
local S-wave amplification factor. Radiation patterns for
both waves are assumed to be proportional to each other.

Our inversion used a 100 by 30 grid with 0.5-km square
pixels, resulting in a 50 by 15 km model grid size. The num-
ber of sources used for ray paths into stations MMNB and
EADB were 3353 and 1892, respectively. The number of
sources used at EADB was smaller, since fewer of the seis-
mograms recorded at this station fulfilled the minimum S-
phase signal-to-noise ratio criteria of 11. Results of the in-
version yielded ratios of guided-wave/S-wave amplification
factors of ĀMMNB and ĀEADB of 0.21 and 0.7, respectively.
Factors responsible for the difference between these values
may include the FZ core position with respect to the surface
trace of the SAF and an unknown guided-wave amplitude
distribution across the fault due to the nodal points config-
uration of different guided-wave modes. Another factor that
affects the ratios is the complex character of S-wave energy,
which for station EADB propagates as body waves on the
low-velocity northeast side and arrives from the southwest
high-velocity side of the SAF in the form of head waves.

Results of the full attenuation inversion shown in Figure
4a define a low-attenuation feature that extends from a shal-
low zone of intense microearthquake activity southeast of
MMNB and dips to the northwest through the rupture zones
of accelerated M � 4 activity occurring in 1992–1994 and
through the 1966 M 6 hypocenter. The ray coverage shown
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Figure 2. Station gathers and spectral content of microearthquake sources. Left: Record sections or station
gathers of horizontal-component seismograms for stations MMNB and EADB, which constitute a reversed profile
of sources (all with the same strike-slip mechanisms) in the depth range 3.3–3.8 km along a 25-km stretch of
the FZ (the 1966 M 6 epicenter is at 0 km); 102 traces are shown for MMNB, 84 for EADB, having been stacked
in 10-m bins from 531 and 351 initial traces, respectively (only 351 of the initial 531 sources produced usable
records at the much noisier EADB station). A and B show locations of source profiles used later in the modeling
exercise (Fig. 7). FZGWs are clearly evident in the coda of the S wave. Note the systematic spatial variability
in the FZGWs. For the sources recorded by MMNB there are strong FZGW arrivals for sources southeast of
MMNB, while for sources northwest of MMNB these arrivals are much weaker. However, for the same northwest
sources recorded at EADB, the FZGW arrivals are again strong; that is, the same earthquakes do not produce
strong FZGWs at both stations. Right: Amplitude spectra for selected traces (arrows on sections) computed for
a moving window of 500 msec along the seismograms. Offset distances are �4.5 km for MMNB and 8 km for
EADB. Note the very low frequency (3–8 Hz) content of the FZGWs that is not seen in the direct P- and S-wave
arrivals. This suggests that the low-frequency FZGW energy is derived from the direct P and/or S phases. We
define the low-frequency, late-arriving energy as the FZGW phase in this article.



Seismological Studies at Parkfield IX: Fault-Zone Imaging Using Guided Wave Attenuation 1419

Figure 3. Strength of the FZGW (coda) ar-
rival relative to the direct S-wave amplitude for
sources along a 35-km segment of the FZ cen-
tered at the 1966 epicenter (star) in the 2.5- to
5.5-Hz bandwidth for nominal 4- and 1-sec
windows (FZGWs and S-waves respectively)
positioned relative to the P-wave travel time
(see text for details). Ratios are normalized to
a value of 0.5 and categorized at ratios (1) less
than 0.5 (orange filled circles), (2) greater than
0.7 (blue filled circles), and (3) intermediate
values shown in green. The upper panel shows
data recorded at station MMNB, the lower panel
EADB. Note the contrasting dependence on
source location of the relative strength of the
FZGWs at the two recording sites, with a clear
change occurring across and above the hypo-
central region of the 1966 M 6 event.

on Figure 4b has little correlation with the inversion result.
As a test of the robustness of the inversion, we performed
an inversion excluding all sources in the central 12 km of
the fault segment at all depths. Both inversions showed simi-
lar structure and detail in their images. Another series of tests
involved declustering and sparse source distributions that
reduced the total number of sources by up to 20 times. The
resulting images had slightly reduced resolution but retained
all the main features.

Modeling FZ Wave Propagation

Properties of the propagating wave field inside and in
the vicinity of the FZ are controlled to first order by the
velocity, attenuation, and geometry of the wave guide. Two-
dimensional numerical modeling studies have been used to
illustrate the complexities of wave propagation within a sim-
ple plane-parallel low-velocity fault structure (Ben-Zion and
Aki, 1990; Ben-Zion and Malin, 1991). Igel et al. (1997)
explored with finite-difference modeling the effects of irreg-
ular FZ geometries and nonuniform material properties. Ben-
Zion (1998) presented a comprehensive set of 2D calcula-
tions for FZ wave propagation along FZ made up of two
homogeneous layers sandwiched between two differing
quarter-spaces to illustrate the effects of layer geometry and
velocity contrast. More complex modeling, however, is re-
quired to allow for full 3D variation of FZ geometry and
physical properties (Li et al., 1998, 1999).

In this study, FZGW modeling was based on 2D elastic
finite-difference simulations. The main features of the start-
ing model were taken from the tomographic inversion for P
and S velocities from Parkfield microearthquake data (Mich-
elini and McEvilly, 1991) modified using additional earth-

quake data provided by A. Kirkpatrick (personal comm.,
2000) and a model for the shallow FZ taken from Korneev
et al. (2000). We numerically tested the FZ models using
both discontinuous and smooth lateral velocity variations.
The computed results were compared with data to match
arrival times of the body waves and the character of the late-
arriving FZGWs. The key features we attempted to generate
included the following:

1. Multiple strong arrivals following the direct body waves
2. The arrival time of the main energy in the FZGW
3. The frequency content of FZGWs
4. The relative amplitudes of direct body waves and FZGWs.

We varied the fault width (from 10 to 500 m), sharpness
of the boundaries between the FZ and the adjacent media,
shape of the FZ, velocity distribution within it, and source
positions. The source used was a force couple, striking along
the fault.

The modeling comprised two stages. In the first stage
we obtained parameters for the reference wave-guide model.
In the second stage we looked for a likely cause of the am-
plitude anomaly. We found that the models containing local
velocity variations within the FZ did not provide a good
match with the data. Even sharp discontinuous boundaries
of velocity anomalies gave little effect on amplitudes. This
result is also in agreement with the smooth undisturbed char-
acter of FZGW travel times. Only the introduction of an at-
tenuation heterogeneity gave satisfactory results. Therefore,
a viable model for simulation of the observed FZGW prop-
agation must include a region of relatively high Q (low at-
tenuation) existing exclusively in the narrow zone of large
FZGW amplitudes. Anomalous FZ velocity is not required
within the large-amplitude zone.
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Figure 4. (a) Tomographic inversion results of spectral amplitude ratios used in Figure
3 showing the distribution of FZGW attenuation. Contour lines show the S-wave velocity
model of Michelini and McEvilly as modified with added observations by A. Kirkpatrick
(personal comm., 2000). The 1966 M 6 hypocenter (largest orange star) and four M �4
events occurring between 1992–1994 events (smaller orange stars) are also shown. Line
segments A and B represent the source profiles used in modeling (Fig. 7). (b) The density
of ray coverage has little spatial correlation with the inversion image.

The resulting model is shown in Figure 5. The model
features a strong shallow vertical velocity gradient and a
low-velocity FZ with a thickness of 200 m. Tests indicate
that deviation of the thickness within 15% of its value also
provides a satisfactory match with the data. The velocity in
the FZ is half of that on the fast southwest side of the fault.
The FZ has discontinuous velocities at its boundaries. The
transitional boundaries did not yield the observed FZGW
characteristics, a result consistent with those of Ben-Zion
and Malin (1991). The velocities shown are representative
of those just outside of the narrow FZ and not velocities in
the country rock well away from the fault. Vp/Vs is taken to
be 2.0 throughout the model, which matches the observed

P, S, and FZGW travel times along the FZ. These values are
consistent with the tomographic velocity model, which, of
course, does not provide the resolution needed for the mod-
eling exercise (the velocity tomography used a fault-normal
grid spacing of 1.2 km). For purposes of computational ef-
ficiency, we simulated shallow single-borehole recordings
for a number of deep sources using source-receiver reci-
procity. We computed the wave field for a source at 300 m
depth within the FZ for a line of receivers at depth of 7 km,
as shown in the figure.

Figure 6 shows results for a 41-element array across the
FZ, incorporating the velocity structure in Figure 5 and a
high-Q fault region (Q � 50 versus 10 elsewhere in the FZ)
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Figure 5. Model geometry used in the finite-
difference computation of the wave field within and
close to the FZ. Vp is shown, Vs is 0.5 Vp throughout,
representative of conditions in the FZ and in the wall
rock adjacent to the sharply bounded FZ. The velocity
within the 200-m-wide FZ is about 0.5 that in the Sal-
inian wall rock to the southwest. Source and receiver
positions are shown, and reciprocity is used to com-
pute the wave field at 300 m depth. The region of
anomalously high Q within the FZ is also shown.

Figure 6. Synthetic seismograms using the pre-
ferred model of FZGW propagation at Parkfield shown
in Figure 5. Data are computed for a 41-element array
with 50-m spacing across the FZ at 7-km depth for a
source at 300 m depth. The strong low-frequency ar-
rivals late in the coda of both the P and S waves are
the modeled FZGWs. The 4-km long high-Q (50, ver-
sus 10 elsewhere in the FZ) segment is required to
reproduce the observed characteristics of the earth-
quake data within the FZ.4 km in depth extent. Material outside of the FZ is less at-

tenuative and has Q � 200. This Q model gave us the best
match with the observed waveforms. The receiver spacing
is 50 m. Fault-normal horizontal and vertical components of
particle velocity were generated, and the model velocities
have been fine-tuned to match the observed arrival times.
These synthetic seismograms display the characteristics of
the observed FZGWs, and we use them in further compari-
sons of the spatial distribution of the guided waves. The
multiple-phase character of the direct P and S waves is a
result of their propagation along the low-velocity FZ, which
can be observed in data on Figure 2. The direct P- and S-
wave trains have relatively low amplitudes in and near the
FZ, where they arrive as head waves, losing energy due to
both refraction and attenuation.

In Figure 7 we show a comparison of synthetic and ob-
served data for a group of horizontal along-fault component
seismograms recorded at MMNB, using the selected model
of Figure 5 with the Q structure determined from the syn-
thetics in Figure 6. Two profiles for segments A and B
(traces, Fig. 2; earthquakes, Fig. 4) represent swaths from
shallow earthquakes a few kilometers on either side of sta-

tion MMNB, separated by about 6 km. The figure illustrates
two points. First, the model produces a good match to the
observed FZGW-field characteristics. Second, the radically
different FZGW amplitude characteristics for the source-
receiver paths that propagate through the zone of high FZGW
Q contrast significantly with those that do not cross
through it.

Discussion

In this study, we characterized the amplitude informa-
tion to image FZ structure for two reasons. First, travel-time
tomography of FZGWs is difficult because there is a large
uncertainty associated with picking of FZGW arrival times
due to their dispersive nature and low frequency content.
Second, the amplitudes of seismic waves generally reveal
much stronger changes than travel times (up to several or-
ders of magnitude) due to their greater sensitivity to material
property variations compared to seismic velocities (where
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Figure 7. Comparison of synthetic and observed seismograms for two groups of
traces recorded at MMNB, depicted as profiles A and B in Figures 2 and 4. This illus-
trates the striking difference in FZGW characteristics for propagation paths through the
presumed high-Q source region versus paths outside of the anomalous zone. The low-
ermost traces compare individual synthetic and observed (shown by arrows) seismo-
grams within the profiles.

10% changes are usually considered significant). Although
velocity variations within wave guides affect both the am-
plitudes and travel times of guided waves, they can not ex-
plain the observed strong amplitude changes.

In Figure 8 we compare the spatial correlation of our
FZGW attenuation image and its Q equivalent with other
geophysical observations made along this segment of the
SAF. The FZGW images show a relatively confined region
of low FZGW attenuation that is about 4 km wide within and
along the fault and that trends downward toward the north-
west at about 60� throughout the full 3- to 12-km depth range
of seismicity at Parkfield. The low-attenuation, high-Q fea-
ture extends from a shallow zone of intense microearthquake
activity southeast of MMNB and dips steeply to the northwest
through the rupture zones of the M 4.2, M 4.6, M 4.7, and
M 5.0 events of 1992–1994, through the 1966 M 6 hypo-
center, and into a group of deep aftershocks of the 1993 M
4.7 earthquake at 11–12 km depth. This dipping feature ap-
pears to separate the locked and creeping sections of the SAF
at Parkfield as determined from geodetic data (Harris and

Segall, 1987) and as implied by a significant reduction in
seismicity from the northwest to the southeast. It also coin-
cides with a region of accelerated slip rate at depth that oc-
curred in 1992–1994 as inferred by Nadeau and McEvilly
(1999) from characteristic microearthquake recurrence rates.
This feature also contains the region of anomalously low Vs

and high Vp/Vs at depth observed by Michelini and McEvilly
(1991). The shallow, most intense portion of the anomaly
also lies beneath the zone that exhibits shallow travel-time
changes reported in Vibroseis monitoring experiments (Kar-
ageorgi et al., 1997; Korneev et al., 2000).

While both the attenuation and Q images show the same
gross features correlating to these additional observations,
the Q image appears to provide greater localization of the
locked-to-creeping boundary and a better match to the ad-
ditional observations. The differences between the attenua-
tion and Q images are due to the incorporation of the to-
mographic Vs model in generating the Q image. It seems
surprising to find a decrease in Vs velocity in the region of
high Q. But, as mentioned earlier, the Vs model represents
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Figure 8. Spatial relationship of the FZGW
attenuation/Q anomaly with other observations
along the Parkfield segment of the SAF zone.
The top two panels show in-fault attenuation
and Q images resulting from the FZGW tomo-
graphic reconstructions. Note the zone of low
FZGW attenuation (high Q) in the central por-
tion of the panels delineating the transition at
depth of locked to creeping fault (the purple
dashed line is our interpretation of the locked-
creeping boundary at depth). Also shown are
Vs contours, 1987–1998 seismicity (white dots
and small red stars for the four recent M �4
events), and the 1966 M 6 hypocenter (large
red star). The interseismic slip rate distribution
by Harris and Segall (1987) is shown in thick
dashed red contour lines on the top of Q image.
The third panel shows the function of FZGW Q
taken along a profile at 3.5 km depth. Shown
immediately below the Q curve are curves rep-
resenting topography along the fault (green),
surface fault slip rates from geodetic data (Har-
ris and Segall [1987], in grey), slip rates in the
depth range 0–5 km inferred from recurrence
intervals of characteristic microearthquake se-
quences (black), and the 1987–1998 moment
release along the fault from southeast to north-
west (blue). The bottom panel shows the along-
fault deep slip rate distribution at Parkfield
inferred from the recurrence times of charac-
teristic microearthquakes occurring between
mid-1992 and 1995 (inclusive; see Nadeau and
McEvilly, 1999), and the aftershock regions of
the M �4 earthquakes occurring during this
time period. Along-fault features in all these
characteristics correlate spatially and appear to
delineate the same transition from locked to
creeping behavior on the surface and at depth
on the SAF at Parkfield

an average velocity over the region between node points
(1.2-km spacing) in the Vs tomographic inversion of the FZ
and therefore does not provide a completely accurate picture
of the true Vs structure inside the fault core. Velocity vari-
ations within the FZ most likely can be attributed to changes
in fracture density and preferential orientation. While in the
thin center FZ cores fractures are mostly oriented parallel to
the fault plane, their orientation becomes orthogonal to the
fault outside of the cores (Chester et al., 1993). Incorporation

of Vs for the Q image is expected to provide a more accurate
picture of the FZ structure than the attenuation image. It also
suggests that given an even more detailed Vs model, a nar-
rowing of the locked-creeping boundary zone should result.
While the attenuation image provides a less detailed picture
of the fault core structure, it is independent of any uncer-
tainties associated with the distribution of Vs variations oc-
curring within the node spacing of the Vs model.

Below the attenuation and Q panels we show a plot of
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the Q function computed at a depth of 4 km and curves of
other geophysical measurements taken along this segment
of the SAF zone at Parkfield. These other curves include
topographic elevation, fault-slip rates determined both geo-
detically at the surface (Harris and Segall, 1987) and at depth
(1–5 km) inferred from characteristically repeating micro-
earthquakes (Nadeau and McEvilly, 1999), and seismic mo-
ment release. We hypothesize that the transition in topog-
raphy results from the evolution of gradual nonelastic
vertical deformation resulting from repeated cycles of long-
term stress accumulation concentrated at the transition from
locked to creeping fault on this portion of the SAF. This
interpretation is in agreement with drilling results, which
suggest that the ridge at Middle Mountain is a pressure ridge,
resulting from a localized overpressured zone beneath it. The
data curves all exhibit good correlation with the along-fault
features of the FZGW images. The bottom panel shows the
along-fault deep slip rate distribution at Parkfield inferred
from the recurrence times of characteristic microearthquakes
occurring between mid-1992 and 1995 (inclusive; see Na-
deau and McEvilly, 1999), and the aftershock regions of the
M � 4 earthquakes occurring during this time period. It re-
veals a strong correspondence at all depths between the
anomalous zone of FZGW propagation and the high slip-rate
transient of 92–97. The dramatic changes in all these char-
acteristics appears to correspond to a transition from locked
to creeping behavior on the SAF at depth.

The cumulative evidence, then, suggests a special pa-
thology in FZ dynamics associated with the FZGW low-at-
tenuation region. We propose that (1) in combination these
images and curves delineate, in detail and at depth, the likely
northwest edge of the large locked asperity that periodically
ruptures in recurring M 6 earthquakes at Parkfield and
(2) FZGW propagation is directly affected by long-term
evolving conditions in FZ material properties and by pro-
cesses associated with strain accumulation and release.

The specific physical mechanisms responsible for the
observed variations in seismic attenuation within the FZ are
still unknown. We hypothesize that they are associated with
fracture closure and opening due to changes in loading stress
and nonelastic deformation. Laboratory data of time-lapse
seismic attenuation measurements for fractured rocks during
increasing normal load (Sobolev et al., 1996) show a steady
increase of Q, reaching a maximum value shortly before rock
failure. The spatial distribution of Q for the SAF at Parkfield
appears to exhibit similar behavior if the FZ rocks are being
stressed toward failure along the locked-creeping boundary,
as expected at the edge of earthquake-prone zone southeast
of the Q anomaly. The process of fracture opening and de-
velopment also involves dewatering of rocks and water pres-
sure changes. If such processes are occurring in deep FZs, it
suggests the potential for monitoring of stress changes in FZ
cores using guided waves. A greater understanding of the
relationships between the attenuation of FZGWs, fluid and
fracturing processes, stress accumulation, and the occurrence

of earthquakes is needed to obtain a clearer picture of the
physics of earthquake occurrence and the viability of using
FZGWs to provide useful precursory information on earth-
quake-prone faults.

Conclusions

We have developed a method of multisource processing
using Parkfield microearthquakes distributed along the inner
FZ and recorded at the only two borehole HRSN stations
close to the SAF to create a robust tomographic inversion of
FZGW attenuation. The inversion provides a detailed 2D im-
age of FZ structure along a 35-km segment of the SAF at
depth. Waveform modeling indicates the width of a narrowly
defined (200 � 30)-m-wide low-velocity SAF fault core at
Parkfield.

Using our FZGW attenuation images and waveform
modeling, we have identified an anomalous zone of low
FZGW attenuation in a region postulated to delimit the deep
locked and creeping segments on the SAF. This zone cor-
relates with and may be responsible for a number of inde-
pendently observed phenomena, including slip-rate tran-
sients at depth, the occurrence of four M �4 earthquakes
occurring during the slip transient period, and shallow seis-
mic velocity changes seen using Vibroseis. We propose that
the anomalous feature is a locus of high stress or deforma-
tional strain concentration along the northwest-dipping edge
of the M 6 asperity at Parkfield. Suggested mechanisms for
explaining the relatively high Q in the fault core at Parkfield
involve long-term processes of nonelastic deformation, frac-
ture closure or compression of the material within the fault
core, dewatering, fault-normal compression, and changes in
fracture orientation due to the evolution of a complex stress
field at this transitional zone of the SAF.

Our results also demonstrate the potential of similar
FZGW studies for imaging and understanding the structure
and properties of inner regions of FZs. Since FZGWs pri-
marily propagate in the low-velocity core region of FZs, they
sample the most active zone of fault deformation and pro-
vide greater structural detail of the inner fault core than body
waves, which propagate primarily outside of the central core
region.

Further knowledge of the physics responsible for FZGW
propagation promises to provide clues to the material rock
properties, processes, and geometry of FZs at depth. FZGW
studies may also provide a valuable tool for delineating
locked fault segment boundaries, for establishing the conti-
nuity and extent of fault segments, and for monitoring on-
going fault processes resulting from stress accumulation.
With an increased number of stations located in or near FZ
cores, FZGW inversion can provide further detail on chang-
ing conditions in the nucleation zones of large earthquakes,
as stress accumulates on their associated locked boundaries.
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Appendix A

Consider the model describing the amplitude of guided
waves from equation (1),

j(h )ijU � A M exp(� � r ),ij j i � n ijnn
r� ij

(A1)

where the same notations are used. The amplitude of a direct
S-wave recorded for the same event is

j(h )ijSU � A M ,ij Sj i rij
(A2)

where we assume attenuation inside the FZ is negligibly
smaller than outside of it. We then have the ratio

S ¯ ¯U /U � A r exp(� � r ), A � A /A .�ij ij j ij � n ijn j j Sjn (A3)

Next we solve equation (A3) in two stages. First, after taking
the logarithm of the data

S ¯u � a � � r , u � ln(U /U / r ), a � ln A ,�ij j � n ijn ij ij ij ij j jn

(A4)

we find the least-square solution estimates for aj and �0,
assuming a constant background value of �n � �0. Substi-
tuting these estimates into equation (A4) we get

â � D� r � u � D� r , D� � � � � .j � n ijn ij � n ijn n n 0n n

(A5)
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Finally we use the method of algebraic reconstruction and
invert equation (A5) for the unknown residual attenuations.
D�n.
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